This study investigated structural brain organization using diffusion tensor imaging (DTI) in 35 HIV-positive and 35 HIVnegative individuals. We used global and nodal graph theory metrics to investigate whether HIV was associated with differences in brain network organization based on fractional anisotropy (FA) and mean diffusivity (MD). Participants also completed a comprehensive neuropsychological testing battery. For global network metrics, HIV-positive individuals displayed a lower FA clustering coefficient relative to HIV-negative individuals. For nodal network metrics, HIV-positive individuals had less MD nodal degree in the left thalamus. Within HIV-positive individuals, the FA global clustering coefficient was positively correlated with nadir CD4 cell count. Across the sample, cognitive performance was negatively correlated with characteristic path length and positively correlated with global efficiency for FA. These results suggest that, despite management with combination antiretroviral therapy, HIV infection is associated with altered structural brain network segregation and thalamic centrality and that low nadir CD4 cell count may be a risk factor. These graph theory metrics may serve as neural biomarkers to identify individuals at risk for HIV-related neurological complications.
Introduction
HIV infection is known to impair neurocognitive function in up to 50% of infected individuals (Cysique et al. 2006; Heaton et al. 2010; Navia et al. 1986; Woods et al. 2009 ). HIVassociated neurocognitive impairment (NCI) persists, albeit to a lesser degree, even when HIV-positive individuals are treated with combination antiretroviral therapy (cART) . HIV-associated NCI impacts daily functioning (e.g., driving ability, employment, medication adherence) and is predictive of increased morbidity and mortality (Doyle et al. 2013; Heaton et al. 2004a; Lovejoy and Suhr 2009; Marcotte et al. 2004; Rabkin et al. 2004; Vivithanaporn et al. 2010) . Given the high prevalence of NCI, there is a need for neural biomarkers to facilitate diagnosis in clinical settings (Gates and Cysique 2016) .
Diffusion tensor imaging (DTI) metrics fractional anisotropy (FA) and mean diffusivity (MD) have been extensively used in neuroHIV research to assess white matter (WM) integrity in the brain (Masters and Ances 2014) . FA and MD provide complementary information on WM structure, with FA being more indicative of axonal structural integrity (Winston 2012) and MD being more sensitive to WM microstructural density including cellular and axonal loss resulting from neuroinflammation (Alexander et al. 2007; Lentz et al. 2014) . Typically, reduced FA and increased MD indicate compromised WM integrity (Chanraud et al. 2010) .
Whole-brain analyses have shown overall decreased FA and increased MD in HIV-positive individuals when compared to HIV-negative controls; these deficits are associated with severity of HIV disease and neurologic dysfunction (Heaps et al. 2011; Ragin et al. 2005; Stubbe-Drager et al. 2012; Su et al. 2016 ). More specifically, HIV has been associated with diffuse decreases in FA across projection, association, and commissural WM tracts (Chen et al. 2009; Stubbe-Drager et al. 2012; Su et al. 2016; Wakim et al. 2017) . Increased MD has been reported in internal and external capsule fibers and superior cingulate bundles (Pfefferbaum et al. 2009 ). Together, these studies suggest that WM deficits secondary to HIV infection occur diffusely, are associated with worse HIV disease characteristics, and are correlated with deficits in cognitive ability. As such, they may represent important biological markers for neurological HIV disease progression.
Neurobiological insults are hypothesized to lead to aberrant brain networks, which can be measured using graph theory methodology (Fornito et al. 2015) . DTI metrics can be used to explore relationships between whole-brain structural connectivity through identification of WM microstructure integrity between cortical regions (Hagmann et al. 2007 ). This wholebrain structural connectivity data is referred to as a connectome and describes the topological organization of brain networks (Sporns et al. 2005) . These measures allow for quantification of the degree to which regional segregation and separation of function are balanced with interconnectivity across the brain (Fornito and Bullmore 2015; Watts and Strogatz 1998) . While segregation refers to clusters of regions that interact to efficiently perform specific cognitive tasks, integration refers to interactions between segregated clusters to enable complex, integrative tasks (Bullmore and Sporns 2012 ). An important component of integration involves the concept of centrality, which refers to how focal a specific region is to network organization within structurally related clusters of regions (Bullmore and Sporns 2012) .
This study applies connectomic methodology to evaluate the association between HIV infection and structural brain network connectivity. A recent investigation of structural connectivity using DTI in HIV-positive young adults in South Africa (n = 29) showed lower characteristic path length, global efficiency, connection strength, and clustering coefficient relative to HIV-negative controls (n = 16) (Baker et al. 2017) . In addition, HIV-associated NCI was negatively correlated with the clustering coefficient. One limitation of this study is that the sample had limited or no treatment history. The present study builds upon these initial findings in structural connectivity by investigating neural network organization in HIVpositive adults who are receiving cART. In addition, we also investigated individual cortical and subcortical regions for their contribution to structural brain network connectivity. For this, we mapped FA and MD connectivity data between atlas-defined regions and used graph theory to derive global and nodal metrics of network organization between HIV-positive and HIV-negative individuals. We hypothesized that HIV infection would be associated with lower global and nodal structural connectivity relative to HIV-negative individuals and that differences between groups would be related to HIV disease characteristics and neurocognitive function.
Methods

Participants and procedures
The sample included 70 adults recruited from the RaleighDurham area in North Carolina, USA. Eligibility criteria were between 18 and 55 years old, English fluency and literacy, confirmed HIV status (positive or negative), and no MR contraindications. All HIV-positive participants were currently engaged in HIV care and prescribed cART. Their HIV status was confirmed via medical record review. For HIV-negative individuals, an OraQuick© rapid test confirmed their HIV status. Exclusion criteria were < 8th grade education, severe learning disability with functional impairment, serious neurological disorders, acute opportunistic brain infections or a history of such infections without return to normal cognition, severe head trauma with loss of consciousness > 30 min and persistent functional decline, indicators of severe mental illness, and impaired mental status. These exclusions are consistent with current guidelines for classifying contributing or confounding conditions to HAND (Antinori et al. 2007 ). Current alcohol, marijuana, and nicotine use were permitted, but participants could not have a current alcohol or marijuana use disorder. For all other illicit drugs, individuals were excluded for lifetime abuse or dependence, any history of regular use, and/or a positive drug screen.
Both HIV-positive and HIV-negative participants were recruited between October 2011 and May 2015 via advertisements in local newspapers and websites, flyers and brochures at community-based organizations and infectious disease clinics, and participant referrals. Interested participants contacted the study and completed a brief telephone prescreening. Potentially eligible participants were invited for a comprehensive in-person screening. After providing written informed consent, participants completed clinical interviews and questionnaires, and provided urine samples for pregnancy (if applicable) and drug screening. Eligible participants returned to complete a neurobehavioral assessment and an MRI brain scan. Participants were drawn from two protocols with shared procedures that were approved by the institutional review board of Duke University Health System.
Screening measures
The Mini International Neuropsychiatric Interview was used to confirm the absence of disqualifying psychiatric disorders and conditions (Sheehan et al. 1998) . The Addiction Severity Index-Lite (McLellan et al. 1992 ) and the Structured Clinical Interview for DSM-IV-TR (First et al. 1996) were used to assess substance use and substance use disorders, respectively. At all visits, urine toxicology screens were used to corroborate self-report of recent drug use. Participants also completed an audio computerassisted self-interview that included a demographic survey.
Neurobehavioral and clinical assessment
Medical records were reviewed to obtain HIV-related clinical variables (i.e., date of diagnosis, current and nadir CD4 counts, and current viral load). HIV viral suppression was dichotomized at 50 copies/mL. Self-report was used when medical records were incomplete (n = 7).
Neurocognitive functioning was measured using a comprehensive battery that assessed seven domains: processing speed [Trail Making Test Part A (Reitan and Wolfson 1993) ], attention [Paced Auditory Serial Addition Task-50 or 100 (Diehr et al. 2003 (Benton et al. 1983) ], and motor functioning [Grooved Pegboard Test, dominant and non-dominant hands (Klove 1963) ]. Raw scores were converted to standardized T-scores (M = 50, SD = 10) using up-to-date published norms (Diehr et al. 2003; Heaton et al. 2004b; Norman et al. 2011; Stern and White 2009; Wechsler 1997) . T-scores for each test within a domain were averaged to create a domain T-score, and a global T-score was calculated by taking the mean of all domain T-scores.
Imaging protocol
All scans were performed on the same 3T GE Discovery MR750 imaging system with an eight-channel head coil at Duke University Hospital. DTI images were acquired in the axial plane using a single-shot spin-echo diffusion sensitized EPI sequence in 30 directions (FOV = 25.6 cm, matrix = 128 × 128, flip angle 90°, interleaved slices of 2.0 mm thickness). Additional parameters differed slightly between protocol 1 (b-factor = 900 s/mm 2 , TR/TE = 10,000/83.2 ms, 73 slices) and protocol 2 (b-factor = 800 s/mm 2 , TR/TE = 8000/ 77.9 ms, 67 slices). Thirty-three participants were from protocol 1 (53.1% HIV positive) and 37 were from protocol 2 (47.1% HIV positive), with no differences in HIV status by protocol (χ 2 (1) = 0.057, p = .811).
Pre-processing and quality control
The DTI data was visually checked and then preprocessed using DTIPrep, a quality control pipeline that includes image dimension, slice-wise, interlace-wise, and gradient-wise checking along with baseline averaging, head motion correction, and eddy current correction (Oguz et al. 2014) . From an initial sample of 72, two participants were excluded due to too many bad gradient directions after DTIPrep, leaving a final sample of 70.
Data analysis
Connectome build Deterministic tractography was run via a module of the Connectome Mapper Toolkit (CMTK) (Gerhard et al. 2011 ) that utilizes a classical streamline fibertracking algorithm (Hagmann et al. 2003) . Fibers were spline filtered with the Diffusion Toolkit before the connection matrix was created. Inter-regional fibers are defined as those that begin and end in pairs of gray matter (GM) nodes and pass through the WM mask. Length thresholds were applied to whole-brain tractography, excluding fibers < 2 and > 40 mm in length as artifacts.
CMTK was then used to create a weighted connectivity matrix for subsequent graph theory analyses based on FA and MD values. Whole-brain tractography and cortical and subcortical segmentation were combined using Freesurfer (Daducci et al. 2012) . Registration transformations were applied to the WM mask and the GM parcellation in order to map both to diffusion space. Edges were defined between nodes using random seed points chosen within each voxel of a node, and streamlines were propagated in two opposite directions of the local diffusion directions (FA or MD) with a fixed step size of 1 mm (Hagmann et al. 2007 ). Final edge definition consisted of the averaged pattern of diffusion for MD and FA separately. The propagation was constrained within the WM mask, and this propagation was stopped when it reached the defined boundary between the WM and GM masks and/or there was inconsistency between diffusion directions in adjacent voxels (Daducci et al. 2012) .
Graph theory metrics Nodes were defined from cortical and subcortical regions using Freesurfer and utilizing the DesikanKilliany Atlas for automatic subcortical segmentation and cortical parcellation of native-space T1 anatomical scans (Desikan et al. 2006) . Each participant's parcellation result was visually verified for anatomical accuracy. Nodes were restricted to GM voxels by subtracting from WM masks. A total of 83 nodes were defined for each participant (41 GM nodes per hemisphere plus brainstem).
Network analysis was completed using GRETNA Version 1.2 (Wang et al. 2015) . We examined four common global metrics that describe the characteristics for the network as a whole: connection strength (the sum of all nodal connections), characteristic path length (a measure of integration defined as the average shortest path between all nodes), global efficiency (a measure of integration defined as the inverse of the characteristic path length), and global clustering coefficient (a measure of segregation defined as the degree of interconnected neighborhoods of nodes). We also examined three nodal network metrics describing integration and centrality of specific nodes (Fornito and Bullmore 2015; Sporns 2014) : nodal degree (the number of edges emanating from a node), nodal efficiency (the inverse of the average shortest path length of a node to every other node), and nodal betweenness centrality (the fraction of the shortest paths that pass through a node). To avoid biases associated with a single threshold, we used a sparsity threshold range of 5 to 40% in steps of 1%. For all variables, the area under the curve (AUC) was computed for the full range of sparsity values.
For each network metric, between-group comparisons were performed using non-parametric permutation analyses. With age included as a covariate, permutation testing was carried out by randomly reassigning the network metrics to different individuals 5000 times. This created a non-parametric distribution from which a p value for the group difference was estimated by measuring the proportion of permutations for significant global and nodal network differences between HIV-positive and HIV-negative persons. For nodal analyses, this procedure was carried out for each of the 83 nodes separately and Bonferroni corrected (p ≤ 0.0006).
Association between graph theory metrics and clinical variables Among HIV-positive participants, we investigated the relationship between network metrics and markers of HIV disease severity using non-parametric permutation testing. With age included as a covariate, partial correlation (for continuous variables) and between-group (for dichotomous variables) permutation testing were carried out by randomly reassigning the network metrics to different individuals 5000 times on global and nodal network metrics. We examined nadir CD4 cell count, current CD4 cell count, years since HIV diagnosis, and current HIV viral load suppression.
In the full sample, we investigated the relationship of global network metrics to global T-score using non-parametric permutation testing as described above. We also examined the relationship between nodal network metrics that differed between groups and global T-score. Table 1 summarizes the sample characteristics overall and by study groups. The majority of participants identified as male (67%) and African-American (74%). They ranged in age from 24 to 55 years (M = 41.66, SD = 8.83), and most (86%) had completed at least a high school diploma. There were no significant group differences on any characteristics. The mean standardized T-score for global neurocognitive functioning was 48.37 (SD = 6.10), with no group differences.
Results
Participant characteristics
HIV-positive participants had been diagnosed with HIV for 9.9 years on average (SD = 7.7). The median nadir CD4 cell count was 204 (Q1 = 108, Q3 = 439), and the median most recent CD4 cell count was 574 (Q1 = 290, Q3 = 776). Despite cART, 26% (n = 9) had a detectable HIV viral load at > 50 copies/mL; 74% were virally suppressed (n = 26).
Graph theory metrics
HIV-positive individuals had a significantly lower clustering coefficient for FA compared to the HIV-negative individuals (p = 0.05) (see Fig. 1 and Table 2 ). HIV-positive participants also had a lower MD clustering coefficient, although this difference did not reach statistical significance (p = 0.07). There were no differences between groups for characteristic path length, global efficiency, or connection strength.
When examining the nodal metrics, HIV-positive individuals had less MD nodal degree in the left thalamus relative to HIV-negative individuals (p = 0.0006; Bonferroni corrected) (see Table 2 ). They also had lower nodal degree for FA in the left thalamus (p = 0.04), although this difference did not survive Bonferroni correction. No group differences were found for right thalamic nodal degree. While there were other group differences for multiple regions (p < 0.05), they did not survive Bonferroni correction (see Appendix).
Examination between graph theory metrics and clinical variables
Among HIV-positive participants, nadir CD4 count was positively correlated with the FA clustering coefficient (r = 0.39; p = 0.03). HIV-positive participants with suppressed HIV viral load had higher FA connection strength relative to patients without suppressed HIV viral load (t(32) = 2.00; p = 0.04). Network metrics were unrelated to most recent CD4 counts and years since HIV diagnosis.
In the full sample, the global T-score was negatively correlated with FA characteristic path length (r = − 0.26; p = 0.03) and positively correlated with FA global efficiency (r = 0.24; p = 0.03), but the FA clustering coefficient and connection strength were unrelated (r = − 0.14; p = 0.29 and r = − 0.17; p = 0.13). There were no significant correlations for MD global network metrics.
Discussion
The results of this study suggest that HIV infection is associated with altered global and nodal connectivity in the structural connectome. HIV-positive participants showed a lower global clustering coefficient indicative of reduced segregation compared to the HIV-negative participants, as well as lower nodal degree in the left thalamus. Reduced network segregation was associated with lower nadir CD4 count in HIV-positive participants, suggesting that brain network organization may be adversely affected by a history of greater immune suppression. Neurocognitive functioning across groups was associated with lower FA characteristic path length and higher FA global efficiency, although this effect was not specific to HIV. These results point to global brain network segregation and thalamic centrality being altered in HIV infection despite cART prescription and minimal NCI.
Our finding of a lower global clustering coefficient suggests HIV infection is associated with less structural connectivity within clusters of functionally related cortical and subcortical regions. The global clustering coefficient is a measure of network segregation that reflects specialization of discrete brain regions or systems in performing specific mental operations (Fornito and Bullmore 2015) . A lower global clustering coefficient could reflect dedifferentiation, a concept of deficient structural connectivity producing a breakdown of network segregation that then results in decreased cognitive specialization. The hypothesized result of this breakdown in network segregation is increased neural activity in less efficient neural clusters (Fornito and Bullmore 2015) . Indeed, multiple neuroimaging studies of cognitive function in HIV have found increased neural activation during executive function tasks despite comparable behavioral performance relative to HIV-negative individuals (Meade et al. 2016; Plessis et al. 2015) . A lower clustering coefficient was also associated with lower nadir CD4 cell count. This relationship suggests a role of historical immune suppression in structural brain network connectivity related to network segregation. This finding is consistent with other studies that have reported an association between lower nadir CD4 count and lower total WM and GM volumes and higher ventricular and sulcal cerebrospinal fluid (Cohen et al. 2010; Jernigan et al. 2011) . It has been suggested that a history of severe immune suppression may reflect greater viral replication (Cohen et al. 2010; Jernigan et al. 2011) , which could result in greater neural damage that affects brain network segregation. Our results add to research showing historical immune suppression being detrimentally related to altered brain morphology, with this study extending those findings to higher-level structural brain organization.
At the regional level, HIV-positive individuals showed less MD nodal degree in the left thalamus relative to HIVnegative individuals, suggestive of less structural connectivity between this region and other areas of the brain. A DTI investigation of HIV found decreased WM integrity using MD in the internal capsule of HIV-positive individuals (Pfefferbaum et al. 2009 ), a WM tract that projects from the thalamus to multiple cortical and subcortical regions. HIV infection has consistently been associated with decreased volume of the thalamus (Chiang et al. 2007; Janssen et al. 2015; Kallianpur et al. 2013; Sanford et al. 2017) , and thalamic volume has been linked to deficits in motor (Janssen et al. 2015) and memory function (Fama and Sullivan 2015) in HIV-positive individuals. Thalamic insult is observed in multiple neurodegenerative disorders and conditions including traumatic brain injury, dementia, multiple sclerosis, alcohol exposure in utero, global hypoxia, and thiamine deficiency (Brandel et al. 1991; Kipp et al. 2015; Livy et al. 2001; Meng and Okeda 2003; Mrozek et al. 2016; Muthuswamy et al. 2002; Pasternak et al. 1991) . The thalamus functions as a relay center for signals (Sherman 2005) , and it has been proposed that thalamic connectivity may serve as a biomarker of neurodegenerative disease (Power and Looi 2015) . As our results showed a lower number of connections between the left thalamus and all other nodes, it may be that HIV infection is linked with a reduced ability for the thalamus to serve as a relay center. Hypothesized mechanisms of thalamic compromise in neurodegenerative disease processes include trans-synaptic neurodegeneration and propagation of proteopathies (Power and Looi 2015) . These mechanisms are in line with our findings of group differences in MD, but not FA, as MD is theorized to best reflect WM microstructural density (Alexander et al. 2007; Lentz et al. 2014) . The effects on nodal degree were specific to the left thalamus. Left thalamic atrophy is associated with Parkinson disease with dementia (Summerfield et al. 2005 ) and alcohol-use disorders (Yang et al. 2016) . In addition, the effects resulting from thalamic insult are . Less MD nodal degree in the left thalamus may therefore serve as a marker of HIV-related neural damage, but more research is necessary to determine how thalamic structural connectivity is related to HIV infection. We also observed that lower FA characteristic path length and higher FA global efficiency, both measures of integration, were associated with higher neurocognitive function across all participants. Lower FA characteristic path length and higher FA global efficiency are network metrics that describe greater network integration (Bullmore and Sporns 2012) . Previous studies have also shown a relationship between these global network metrics and neurocognitive function in persons with neurodegenerative disorders (Chang et al. 2016; Ma et al. 2017) . It may be that higher neurocognitive function reflects increased integration within the structural brain network. However, we did not detect a relationship between global neurocognitive function and FA clustering coefficient. We also did not detect a relationship between global neurocognitive function and MD nodal degree in the left thalamus. Our ability to detect the relationship between neurocognitive function and network metrics may have been limited by the minimal amount of global impairment within our sample. Overall, neurocognitive performance in the sample was well within one standard deviation of the mean for standardized T-scores, and there was not a significant difference in performance by HIV status. We utilized a battery of well-validated measures to assess HIV-associated NCI, but it is possible that testing batteries more focused on particular domains of function may be more sensitive in detecting the links between cognitive function and brain organization deficits.
It is noteworthy that the HIV-positive group did not display differences in connection strength or network integration as observed in a previous investigation of HIV (Baker et al. 2017) . Our study may have been underpowered to detect small differences between groups. It is also possible that treatment with cART may prevent or reverse damage due to HIV. This could occur through higher nadir CD4 levels that would help prevent viral replication resulting in neural insult. Future examinations could focus on additional metrics of global network integration, such as gamma, lambda, and sigma of efficiency, to further explore global network integration. Additionally, we performed correlational analyses using years since HIV diagnosis as a dependent variable. These analyses may be constrained by the inability to know for certain the infection duration prior to diagnosis. Strengths of this study include a representative cART-receiving sample with good generalizability to HIV-positive populations in the USA.
In conclusion, these results suggest that global structural connectomic differences in HIV-positive individuals may reflect the detrimental effects of historical immune suppression on brain network organization. With more effective cART, HIV-positive individuals are experiencing increased longevity, making the management of HIVassociated NCI increasingly important (Gates and Cysique 2016) . Since most cases of HIV-related NCI are mild to moderate, neural biomarkers that are sensitive to early changes in network organization are critical for optimizing treatments. Future research should further explore the role of these structural connectivity differences in brain organization and its relationship to HIVassociated NCI to help in the identification and management of neurological comorbidities. 
